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Understanding and controlling charge transport are crucial to achieve optimized organic devices, including
light emitting diodes. In this study, we investigate the charge injection in devices made with a hybrid
composite (HC) containing Zn2SiO4:Mn (ZSP:Mn) in a polymeric blend consisting of poly(o-methoxyaniline)
(POMA) and poly(vinylidene co-triﬂuorethylene) P(VDFTrFE), with the architecture ITO/HC/metallic
electrode (ME). Charge injection was found to depend mainly on the POMA semiconducting phase. For
ITO/HC/Au, an Ohmic junction was observed because the work function of ITO is close to that of Au, which also
matches the energy levels of HC. Holes are injected through the HC/Au junction, as the highest occupied
molecular orbital (HOMO) level of POMAmatches the Fermi level of Au. The impedance spectroscopy data for
the ITO/HC/ME devices were analyzed with a theoretical model where charge injection was assumed to occur
via hopping with a distribution of potential energy barriers. The average hopping distance was estimated as
5.5 Å and only the device with the Al electrode had the current limited by the interface mechanism (charge
injection). For ITO/HC/Cu and ITO/HC/Au devices the limiting factor for the charge transport was the bulk
resistance of the samples, in spite of the existence of a small interface energy barrier. The disorder parameter
was 0.18 and 0.19 for the HC/Cu and HC/Al interfaces, respectively, which arises from the disordered nature of
the hybrid material. The combination of the Cole–Cole model and the Miller–Abrahams function are a good
approach to describe charge a.c. injection processes in disordered materials.
© 2011 Elsevier B.V. All rights reserved.
1. Introduction
The advent of semiconducting polymers [1] has motivated a
variety of fundamental studies in physics and chemistry, in addition to
new developments in device engineering with the promise of
unprecedented versatility in the choice of materials [2–4]. Of special
relevance are the low mass density and ﬂexibility, which make the
polymers strong candidates for large-area luminescent displays [5].
There are nevertheless major challenges for achieving materials
properties that are suitable for real-world applications, including
improved ﬁlm processability and control of molecular architectures in
devices. A possible enhancement in device properties may be
obtained with hybrid materials [6], as in light-emitting diodes
(LEDs) that emitted green light with high purity [7]. The limitation
in the latter device was the excessively high operation voltage (ca.
80 V), which calls for further work in blend composition and
molecular engineering to optimize the device characteristics. The
properties of LEDs made with composites depend on the three phases
of the materials: the inorganic phase enhances the luminescence; the
organic insulating phase increases mechanical stability; and the
organic conducting phase enhances the charge transport.
An efﬁcient charge transport is perhaps one of the main require-
ments for lowering the operation voltage. For the hybrid composite
containing zinc silicate phosphor manganese doped (Zn2SiO4:Mn (ZSP:
Mn)) and a polymer blend [8], the lowconductivitywas identiﬁed as the
limiting factor. Two mechanisms were determined as responsible for
the charge transport, namely the charge transport at the interface
between ZSP:Mn and the polymeric matrix, and the charge transport
across the polymer matrix. Charge transport was found to occur mainly
in the conducting phase of doped polymer [8].
Also relevant for charge transport is the injection into the polymer
materials from the metallic electrodes. Two processes have been
invoked to explain injection: hopping [9] and tunneling [10], where
the ﬁrst was extended by Arkhipov [11] for a symmetric distribution
of potential barriers and taking into account the probability of charge
recombination at the interface. The hopping mechanism may be
considered as a tunneling process assisted by phonons, being
predominant at high temperatures and for low interface potential
barriers. In contrast, direct tunneling (especially the Fowler–Nordhein
tunneling [12]) is either independent of the temperature or displays a
weak dependence [13], thus prevailing at low temperatures and for
high electrical ﬁeld and interface potential barriers.
In this study, we determine the mechanisms of charge injection in
a hybrid LED, in addition to assessing whether charge injection occurs
via the conducting phase. The devices have been made with a hybrid
composite containing a polymer blend and a zinc silicate phosphor
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doped with manganese, which is sandwiched between ITO and a
metallic electrode. Au, Al and Cu were used as metallic electrodes
(ME). The data are analyzed using a model combining Cole–Cole [14]
plots and the Miller–Abrahams function [10] that is able to describe
injection via hopping in disordered materials, analogously to the
Arkhipov model [11].
2. Experimental details
The samples used had the architecture ITO/hybrid composite
(HC)/electrode, where the composite comprised a blend of poly(o-
methoxyaniline) (POMA) doped with toluene sulfonic acid (TSA) and
poly(vinylidene co-triﬂuorethylene) P(VDF-TrFE) 70/30, and zinc
silicate doped with manganese (Zn2SiO4:Mn). POMAwas synthesized
according to the method described byMattoso et al. [15]. P(VDF-TrFE)
(70/30) was provided by Foraﬂon and used as received. Zn2SiO4:Mn
was obtained from Sigma (Z-4500). Four steps were required for
preparing the samples:
1. POMA and TSA were dissolved in n-methyl pyrrolidone (NMP)
under stirring, during which POMA was entirely protonated.
2. A solution of P(VDF-TrFE) in NMP was added to the POMA solution
under stirring, thus forming a POMA/P(VDF-TrFE) blend, 25/75 in
weight;
3. To this blend in solution, microparticles of Zn2SiO4:Mn (ZSP:Mn)
were added to a relative concentration of 80% in weight of the
blend. This dispersion of Zn2SiO4:Mn in a semiconducting polymer
blend had 13.9 wt.% of doped POMA, 41.67 wt.% of P(VDF-TrFE)
and 44.44 wt.% of ZSP:Mn;
4. The dispersion was deposited onto a glass substrate coated with
ITO. The devices were then thermally treated in an oven at 50 °C
during 24 h for the solvent to evaporate, yielding 200 μm thick
samples. Metallic electrodes with 7 mm in diameter of Au, Cu or Al
were vacuum evaporated on the ﬁlm formed by the dispersion,
thus yielding the sandwich structure ITO/HC/ME.
The devices were characterized with direct current (d.c.) vs.
voltage (I vs. V) measurements and impedance spectroscopy. For the
d.c. measurements a Keithley Model 2410 system was employed,
while a Solartron Model SI-1260 analyzer was used for the a.c.
impedance measurements. The amplitude of the a.c. signal was
500 mV rms. Measurements at low temperatures were performed
within an open cycle nitrogen cryostat.
3. Results and discussion
Charge injection in a metal-semiconductor heterojunction is known
to depend strongly on the energy matching between the Fermi level of
the metal and the Highest Occupied Molecular Orbital (HOMO) or
Lowest Unoccupied Molecular Orbital (LUMO) of the semiconductor
(organic or inorganic). If a perfect matching exists, the contact is Ohmic
and charges do not accumulate at the interface. However, for
mismatches the injection current vs. applied voltage curves are not
linear (non Ohmic). In this latter case, charge injection is considerably
reduced in comparison with the Ohmic behavior, and may be governed
by variousmechanisms depending on the nature of the devicematerials
and on its architecture. In the present study only twomechanismswere
considered, viz. hopping and Fowler–Nordhein tunneling. This choice is
justiﬁed because space charge limited currents prevail in insulators that
can accumulate large amounts of electric charge with low mobility,
while thermionic injection (thermionic emission) occurs in inorganic
materials with extended electronic states.
The electrical properties of the hybrid composite studied here have
been shown [8] to be similar to those of polyaniline derivatives, except
for a transport mechanismwith long dielectric relaxation times (N2 μs)
owing to interactions between the charge carriers and the micro-
particles of ZSP:Mn. For sampleswith high concentration of ZSP:Mn the
relaxation time was close to that of the mechanism where interaction
occurs with ZSP:Mn due to the inhibition of percolation in POMA [8].
Fig. 1 shows I vs. V curves for ITO/HC/ME devices with an Ohmic
behavior for Au but not for Cu or Al, as these have a mismatch in
energy level with the hybrid semiconductor. As for the Au electrode,
one notes that ITO has a work function close to that of Au
(ϕITO≈ϕAu), also matching the energy levels of the hybrid
composite, thus yielding Ohmic or near Ohmic junctions. Because
the HOMO level of POMA matches the Fermi level of Au [16], the Au/
POMA junction is Ohmic for holes and injection of positive charges
occurs through this junction in ITO/HC/Au devices. The data were
Fig. 1. I vs. V curves for ITO/HC/electrode devices with: (a) Au; (b) Cu; (c) Al.
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ﬁtted with Eq. (1) to infer about the nature of charge injection, with
BAu=1.0 (Ohmic), BCu=1.2 and BAl=1.4.
I Vð Þ∝VB ð1Þ
We now focus on the mechanisms of charge injection at the metal/
HC heterojunction, for which use is made of the impedance
spectroscopy technique. The impedance curves shown in Fig. 2 for
T=285.4 K are an example of our results. The same experiment was
made for other temperatures (not shown) and for the sample with the
Cu electrode, with the data always being ﬁtted with Eq. (2).
Z⁎ ωð Þ = RHC
1 + jωRHCCHCð Þ 1−αHCð Þ
  + RI
1 + jωRICIð Þ 1−αIð Þ
  ð2Þ
Eq. (2) describes two charge transport mechanisms. The ﬁrst is
charge transport in the hybrid composite, represented by the resistance
RHC and capacitance CHC, and the second is charge injection in the hybrid
material, represented by RI and CI. The parameters αI and αHC appear
due to the assumption of a symmetric distribution of relaxation times
(rather than a unique time) for a given process, which is the reasonwhy
α is referred to as the disorder parameter [14]. This model was chosen
because it describes systems with a symmetric distribution of
characteristics times, which are equivalent to a symmetric distribution
of interface potential barriers, when combined with the Miller–
Abrahams equation, as shown in Appendix A. For HC with 80% of ZSP:
Mn the two transport mechanisms, namely the one through the
conducting POMA and the other with charge carriers interacting with
the ZSP microparticles, possess very close relaxation times, thus
justifying the use of a macroscopic model such as the Cole–Cole [14].
The parameters used in ﬁtting the data with Eq. (2) are given in Table 1.
We have discarded the possibility of charge injection through
tunneling because the electric ﬁeld is low (~103 V/m) and the
experiment was carried out at a high temperature. The injection
mechanism proposed is hopping, represented in Eq. (3) [9] (Miller–
Abrahams equation in the current density and resistance forms),
which is thermally activated according to the Arrhenius behavior.
J Eð Þ = Nhe:v0:exp − 2
1
γ
x +
Δ
kT
  
:E
R =
1
Nhe:v0
:exp 2
1
γ
x +
Δ
kT
 
L
A
ð3Þ
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Fig. 2. Real and imaginary parts of the electrical resistance of the device, with the ﬁtting
using Eq. (2), for an experiment at 285.4 K (a). The Argand diagram in (b) serves to
illustrate the goodﬁtting at all frequencies,which is not clearly seen for high frequencies in
Fig. 2(a).
Table 1
Parameters used to ﬁt the data with Eq. (2) for a model that consists in the
superimposition of two Cole–Cole models.
T (K) RHC (MΩ) CHC (pF) αHC RI (MΩ) CI (nF) αI
295.9 0.140 25 0.4 0.507 5.6 0.15
285.4 0.192 20 0.39 0.790 4.8 0.11
268.7 0.260 20 0.39 1.508 4.4 0.11
262.2 0.343 20 0.39 3.094 3.5 0.11
254.1 0.442 20 0.39 4.472 3.3 0.11
247.0 0.676 20 0.39 7.852 3.1 0.11
239.5 1.196 20 0.39 16.900 2.9 0.13
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Fig. 3. Arrhenius plot for the resistance at the interface (a) and for the capacitance of the
interface (b).
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In Eq. (3), R represents the resistance of charge injection at themetal
HC interface, L is the sample thickness, A is the area of the electrodes,Nh
is the density of states, e is the electron charge, k is the Boltzmann
constant, T is temperature, ν0 is the attempt-to-hopping frequency, γ is
the electron correlation length and Δ is the potential energy barrier.
The activation energy determined for the ITO/HC/Cu device from an
Arrhenius plot, shown in Fig. 3, was 0.37±0.02 eV. Since the applied
electric ﬁeld is low, the attenuation of the potential barrier owing to the
image charges or ﬁeld effect can be neglected [17], and the activation
energy corresponds to thepotential energybarrier of theCu/HC interface.
Using the energy barriers determined from the activation energy
and the work functions of Cu (ϕCu≈4.7 eV), Au (ϕAu≈5.1 eV) and Al
(ϕAl≈4.1 eV), one obtains ΔAu≈0.03 eV and ΔAl≈0.97 eV, in
addition to the ΔCu=0.37 eV obtained above. This is consistent with
the Ohmic nature of the Au/CH interface, and the non-Ohmic behavior
for the other interfaces (see Fig. 1). Moreover, it shows that the
injection process takes place in POMA conducting phase.
Fig. 4 shows the impedance spectra obtained with devices using the
3metallic electrodes, at room temperature. Onemay infer that there is a
weak dependence on the potential barrier for conduction within the
hybrid composite, which is not the case for the interface phenomena.
Therefore, these data corroborate the assumption of two types of
mechanisms. Furthermore, as indicated by the parameters in Table 2 to
ﬁt the data in Fig. 4 with Eq. (2), only the device made with Al (highest
potential barrier) had its impedance governed by the interface, rather
0
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Fig. 4. Re[Z*] and –Im[Z*] vs. Frequency and –Im[Z*] vs. Re[Z*] for devices with distinct metallic electrodes at room temperature.
Table 2
Parameters for ﬁtting the data in Fig. 4 with Eq. (2).
Interface RHC (MΩ) CHC (nF) αHC RI (MΩ) CI (nF) αI
ITO-Au 0.49 3.4 0.23 0.03 1.5 –
ITO-Cu 0.71 3.3 0.24 0.29 3.8 0.18
ITO-Al 1.25 2.8 0.25 30.05 41.92 0.19
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thanby bulkmechanisms. The injection for Au/HC is not easily observed
because of a quasi Ohmic injection at this interface.
The electrical resistance and the capacitance of the interface varywith
the potential barrier, as shown in Fig. 5, which also includes the ﬁtting for
the electrical resistancewithEq. (3) forhopping inFig. 5a. Fromtheﬁtting,
we could determine the average hopping distance of 5.5 Å, assuming an
electronic correlation lengthof 1 Å1 and thedensityof states of 1021 cm−3.
From the slope in the straight line in Fig. 5a, (kT)−1=10 eV−1, i.e. of the
sameorder ofmagnitude of the expectedvalue≈38.8 eV−1 (T≈300 K).
This conﬁrms that hopping is appropriate for the samples studied. In
addition, the disorder parameter of 0.18 for Cu and 0.19 for Al electrodes
suggests a symmetric distributionof characteristic times associatedwith
a distribution of potential barriers centered at 0.37 eV for Cu/HC and at
0.97 eV for Al/HC interfaces, as shown in Appendix A. For Au, the
disorder factor could not be determined because the contribution from
the charge injection mechanism is negligible compared to that of the
charge transport.
Assuming hopping as the mechanism for injection, onemay obtain
the temperature dependence for the capacitance and the potential
barrier, for which the probability of hopping is taken as the inverse of
the probability of charge accumulation at the heterojunction (Eq. (4)).
The ﬁtting of the capacitance data with Eq. (4) is shown in Fig. 5(b),
where C0=2.1×10−9 F is the capacitance for Δ=0 eV and corre-
sponds to a dielectric constant ≈6 and (kT)−1=6 eV−1. While the
value for (kT)−1 differs from the expected one, the dielectric constant
is consistent with the sample studied.
C Δ; Tð Þ = C0exp
Δ
kT
 
ð4Þ
4. Conclusions
Wehave shown that at low electric ﬁelds charge injection for an ITO/
HC/ME architecture takes place in the semiconducting phase of POMA,
via hopping with a symmetric distribution of characteristic times. The
disorder parameterwas0.18 and0.19 for the Cu/HC andAl/HC interfaces,
respectively, which arises from the disordered nature of the hybrid
material. Also determined was the average hopping distance of 5.5 Å.
Using impedance spectroscopy macroscopic models combined with the
Miller–Abrahams equations, it was possible to probe the effects from the
disorder on the mechanisms for a.c. injection at the metal/hybrid
composite interface. From the ﬁtting of our experimental results we
could determine the distribution of interface potential barriers.
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Appendix A
According to the Cole–Cole model, symmetric distributions are
observed for the logarithm of the characteristic times. Therefore, the
relationship between the latter distributions and those of the
potential barriers at the interface is not straightforward. In order to
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Fig. 5. (a) RI and (b) CI as a function of potential energy barrier, Δ, for ITO/HC/ME
devices.
1 In order to estimate the electron correlation length, γ, we used λ = 1γ =
2m⁎E
η2
 1
2
where m⁎≈me and E≈EFermi-Cu+ΔCu=5.07 eV, from which one obtain γ≈1 Å.
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determine the distribution of potential barriers from that of
characteristic times, one employs (Eq. (6))
τ = R Δð ÞC Δð Þ = Q 0
Nhev0V
:exp 2
1
γ
x + 2
Δ
kT
 
L
A
= τ′exp 2
Δ
kT
 
ð6Þ
whose solution, with Δ=Δ(τ) is
Δ τð Þ = kT
2
ln
τ
τ′
 	
ð7Þ
In the Cole–Cole model, the distribution of characteristic times f (x),
where x = ln τ
τ0
 
is symmetric around x=0 ,which allows (Eq. (7)) to
be rewritten as
Δ τð Þ = kT
2
x + ln
τ0
τ′
 	h i
=
kT
2
x + Δ0 að Þ
f Δð Þ = 1
2π
sin απð Þ
cosh
2
kT
1−αð Þ Δ−Δ0ð Þ
 
− cos απð Þ
bð Þ ð8Þ
Since x is symmetric around the origin [14], then the distribution of
potential barriers in (Eq. (8)) is also symmetric, though shifted by Δ0
from the origin. Therefore, when the Cole–Cole model is combined
with the Miller–Abrahams equation to describe charge injection via
hopping, a symmetric distribution of potential barriers centered at Δ0
is assumed. Fig. 6 shows the distributions of potential barriers for the
devices with Cu and Al electrodes.
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